ABSTRACT. By correlating the climate records and radiocarbon ages of the planktonic foraminifera N. pachyderma(s) of deep-sea core PS2644 from the Iceland Sea with the annual-layer chronology of the GISP2 ice core, we obtained 80 marine 14 C calibration points for the interval 11.4-53.3 ka cal BP. Between 27 and 54 ka cal BP the continuous record of 14 C/cal age differences reveals three intervals of highly increased 14 C concentrations coincident with low values of paleomagnetic field intensity, two of which are attributed to the geomagnetic Mono Lake and Laschamp excursions (33.5-34.5 ka cal BP with maximum 550‰ marine ∆ 14 C, and 40.3-41.7 ka cal BP with maximum 1215‰ marine ∆ 14 C, respectively). A third maximum (marine ∆ 14 C: 755‰) is observed around 38 ka cal BP and attributed to the geomagnetic intensity minimum following the Laschamp excursion. During all three events the ∆ 14 C values increase rapidly with maximum values occurring at the end of the respective geomagnetic intensity minimum. During the Mono Lake Event, however, our ∆ 14 C values seem to underestimate the atmospheric level, if compared to the 36 Cl flux measured in the GRIP ice core (Wagner et al. 2000) and other records. As this excursion coincides with a meltwater event in core PS2644, the underestimation is probably caused by an increased planktonic reservoir age. The same effect also occurs from 38.5 to 40 ka cal BP when the meltwater lid of Heinrich Event 4 affected the planktonic record.
INTRODUCTION
Radiocarbon ages have been calibrated in great detail up to 13.3 ka BP by dendro-and varve chronology with an extension based on single calibration points on corals and less precise varves up to 20 ka BP (Stuiver et al. 1998; Bard et al. 1998; Hughen et al. 1998) . Beyond 20 ka BP, calibration is still problematic because dendrochronological calibration points are so far not available and single calibration points (Vogel 1983; Bischoff et al. 1994; Vogel and Kronfeld 1997; Bard et al. 1998; Geyh and Schlüchter 1998; Schramm et al. 2000) often lack the needed temporal resolution. A time scale for 14 C ages older than 14 ka BP can be provided by marine or lacustrine varves (e.g. van der Plicht 1998a, 1998b) or indirectly by the annual-layer chronology of the GISP2 ice core (e.g. Voelker et al. 1998) . Calibration data from marine sediment core PS2644 from the western Iceland Sea (67°52.02′N, 21°45.92′W, 777 m water depth; Figure 1 ) for the interval 20-55 ka cal BP reveal periods with significantly increased atmospheric 14 C concentrations, expressed as ∆ 14 C, the relative deviation from the modern standard 14 C concentration in per mil, during minima in the earth's geomagnetic field intensity (Voelker et al. 1998; Voelker 1999) . Increased 14 C production is corroborated by coinciding peaks in 10 Be and 36 Cl in the Greenland ice cores (Yiou et al. 1997; Baumgartner et al. 1997 Baumgartner et al. , 1998 . We report here further data increasing the temporal resolution of the changes in marine 14 C ages during the Laschamp and Mono Lake excursions and a refinement of the correlation with the GISP2 time scale. A stacked record of the geomagnetic field intensity (NAPIS-75; Laj et al. 2000) , including the magnetic data of core PS2644, permits us a direct comparison of our ∆ 14 C fluctuations with changes in the geomagnetic field intensity.
Marine sediment core PS2644 yielded a high resolution climate record showing millennial-scale oscillations (Voelker et al. 1998; Voelker 1999) . By correlating the marine climate signals, especially the planktonic δ 18 O and δ 13 C records, with the Dansgaard-Oeschger cycles in the GISP2 δ 18 O record we are able to calibrate the marine 14 C ages with the annual-layer GISP2 chronology (Meese et al. , 1997 Bender et al. 1994 ). Here we assume fluctuations in the temperature on Greenland are linked to changes in the hydrography at site PS2644 via the thermohaline circulation (THC) of the North Atlantic. As moisture for the precipitation on Greenland mainly originates from the North Atlantic (Johnsen et al. 1989; Charles et al. 1994; Jouzel et al. 1997) , the snow's oxygen isotope ratio should monitor changes in the Sea Surface Temperature (SST) of the major North Atlantic warm water current, the Gulfstream/North Atlantic drift and its branches (e.g. Schmitz and McCartney 1993) . One of these branches, the Irminger current, flows partly across the Denmark Strait into the Iceland Sea, and influences site PS2644 (Figure 1) . The hydrography at this site is furthermore affected by the polar East Greenland current and its branches (Voelker et al. 1998) , which also is part of the North Atlantic THC.
METHODS
The sediment record of core PS2644 was sampled with a resolution of 1 cm, equal to a mean time resolution of 50 yr during marine isotope stage 3 (29-58 ka cal BP) (Voelker et al. 1998) . The stable isotope ratios 18 O/ 16 O and 13 C/ 12 C were measured on the planktonic foraminifera N. pachyderma(s) in the Leibniz Labor at Kiel University, Germany, using an automated MAT-251 mass spectrometer with carbonate system (analytical reproducibility: ±0.07‰ for δ 18 O, ±0.04‰ for δ 13 C, Sarnthein et al. 1995; Voelker et al. 1998) . Paleoceanographic conditions and climate were reconstructed from a suite of sediment properties including faunal assemblages, stable isotopes, lithology and the abundance of ice rafted detritus (IRD) indicated by lithic grains >150 µm which includes the volcanic ash grains, although some were probably wind transported (Voelker 1999 ; data at http://www.pangaea.de). The AMS 14 C ages were measured on 10-mg samples of either the planktonic foraminifera Figure 1 Map of the North Atlantic with the position of sediment core PS2644 in the western Iceland Sea and of ice core GISP2 on Greenland. Arrows mark present axis of the major surface water currents with black ones transporting warm and saline Atlantic water and gray ones fresh and cold polar water (EGC: East Greenland Current; IC: Irminger Current; NAC: Norwegian Atlantic Current; NAD: North Atlantic Drift). pachyderma(s) or the epibenthic foraminifera Cibicides sp. (for details see Voelker et al. 1998 ) at the Leibniz Labor at Kiel University. Careful cleaning and sample preparation Nadeau et al. forthcoming) and the use of N. pachyderma(s) samples from marine isotope stage 5.1 of core PS2644 for background correction (Voelker et al. 1998; Voelker 1999 ) allowed dating of the record up to 55 ka BP. Age differences are calculated by subtracting the 14 C age not corrected for a reservoir effect from the corresponding GISP2 calendar age, alternatively, the relative deviation of the original 14 C concentration. ∆ 14 C in per mil, also based on the uncorrected 14 C ages, is referred to as "marine ∆ 14 C" to clearly distinguish it from the generally used atmospheric ∆ 14 C.
The δ 18 O ice of the GISP2 ice core, calibrated to VSMOW, was measured in the Quaternary Isotope Laboratory in Seattle (USA) (Grootes et al. 1993; Grootes and Stuiver 1997; Stuiver and Grootes 2000) . Here we use the bidecadal data set which is based on the 20-cm resolution record (equal to an average time resolution of 12 yr during interstadials and 30 yr during stadials; Stuiver and Grootes [2000] ; data available from http://depts.washington.edu/qil/datasets/gisp2_main.html).
Correlation with the GISP2 Isotope Record
Since cores PS2644 and GISP2 both monitor changes in the thermohaline circulation of the North Atlantic, the best way to correlate them would be via a sea surface temperature record (e.g. Sachs and Lehman 1999; van Kreveld et al. 2000) . Unfortunately, the diversity in the planktonic foraminifera fauna in core PS2644 in the northern North Atlantic is so small (N. pachyderma(s) >95%) that they can only be used as qualitative SST indicator (Voelker et al. 1998) forcing us to use the planktonic isotope record instead. This shows light δ 18 O and δ 13 C values together with high IRD contents ( Figure 2 ) during cold SST's in the North Atlantic and cold temperatures above Greenland contemporary with meltwater events (Bond et al. 1993; Rasmussen et al. 1996; van Kreveld et al. 2000) . The response of precipitation on Greenland to changes in the THC in the northern North Atlantic is immediate as both are connected by the atmospheric circulation. At site PS2644, an "overshooting" SST upon warming is caused by the resumed inflow of warm Atlantic water via the Irminger Current as evidenced by lower percentages of N. pachyderma(s) and by high abundances of (Atlantic) radiolaria and diatoms (Voelker et al. 1998; Voelker 1999; Lein 1998) . Meltwater lids, on the other hand, hampered the heat transport to the north and induced a sea ice cover during at least part of the year (Sarnthein et al. 1995; Seidov et al. 1996; Cortijo et al. 1997; Voelker 1999 ).
The detailed tuning of the marine and the ice core followed this hierarchy: Four tephra layers (1) build a stable time frame for the correlation of the Heinrich meltwater events 1-6 (2), other meltwater events contemporary with an increased IRD content (3), and the beginning of the interstadials (4). Further tie points are based on "minor" meltwater events occurring during the interstadials (5), and finally small scale oscillations (6).
1. The tephras were identified in the sediment and the GISP2 or GRIP ice core on the base of their chemistry (Voelker 1999; Grönvold et al. 1995; Zielinski et al. 1997) . While ash grains of the Saksunarvatn Ash (10,272 GISP2 cal yr) and the North Atlantic Ash Zone 2 (53,260 GISP2 cal yr) were directly detected in the GISP2 core, the ages of the Vedde Ash (12,095 GISP2 cal yr) and a Katla Ash (78,080 GISP2 cal yr), both detected only in GRIP, were obtained by matching the isotope records of both ice cores. 2. Following Bond et al. (1993) and Rasmussen et al. (1996) , the Heinrich Events, the most prominent planktonic δ 18 O minima in core PS2644 ( Figure 2 ; Voelker et al. 1998) , were related to the stadial phases preceding Dansgaard-Oeschger Events 1, 2, 4, 8, 12, and 17 in the same way as described in the next paragraph.
3. Core PS2644 shows several other meltwater events which can be divided into two groups: those contemporary with an increased IRD content, and those without one ( Figure 2 ). Following the feature of the Heinrich Events, we regard the meltwater events with IRD sedimentation north of the Denmark Strait to influence the climate basin-wide and thus tie them to the other stadial phases in the GISP2 δ 18 O record. Since it is difficult to define the first cold point of a stadial in the marine records, the preceding rapid temperature change at the interstadial/stadial transition, is used as anchor point instead. Thereby, we correlate the last heavy planktonic δ 18 O/δ 13 C value before an IRD-bearing meltwater event with the beginning of the abrupt temperature drop on Greenland ( Figure 2 ). Furthermore, the δ 18 O minimum of a meltwater event is matched with the coldest (i.e. most negative) point prior to the rapid temperature rise in the GISP2 δ 18 O record. 4. The stadial/interstadial transition is marked by a rapid temperature rise on Greenland and a rapid and contemporary increase in the planktonic δ 18 O/ δ 13 C values in core PS2644. The heavy planktonic values indicate a well-ventilated upper ocean layer, ergo the disappearance of the meltwater lid, and are therefore related to the end of the temperature rise (Figure 2 ). At interstadial 12, this principle of correlation was slightly modified based on the assumption that the pronounced ash layer largely enhanced the sedimentation rate and thus influenced the climate signals ( Figure 2B ; Voelker 1999). 5. Like the IRD-bearing meltwater events tied to the stadials, the "no IRD" events, with a presumed lesser climatic impact, are related to temperature drops within an interstadial in the way that the heavy δ 18 O/δ 13 C values prior to the meltwater event are linked to the last "warm" point preceding the drop, the planktonic δ 18 O minimum to peak cold, and the heavy values following the meltwater event to the subsequent warming (Figure 2 ). 6. Finally, to calibrate almost all 14 C ages with corresponding GISP2 calendar ages we applied the rules of heavy planktonic isotope values indicating warmer, better climate conditions and light values colder temperatures also to small scale oscillations ( Figure 2 ).
Our correlation was recently confirmed by the position of the short Mono Lake excursion in relation to the Dansgaard-Oeschger stadial/interstadial cycles within core PS2644 (stadial prior to Dansgaard-Oeschger Event 6; Figure 3 ). Wagner et al. (2000) observe an increased 36 Cl flux in the GRIP ice core which is attributed to the Mono Lake intensity minimum exactly at the same position. During the longer lasting Laschamp Event, our correlation also matches the peak fluxes of cosmogenic isotopes in the GRIP ice core (Yiou et al. 1997; Baumgartner et al. 1998 ) with the inclination swing in core PS2644 (Voelker et al. 1998 ).
Limitations of the Calibration Data
The calibration data from core PS2644 are affected by three limiting factors (discussed below): uncertainty in the GISP2 calendar ages, smoothing by bioturbation, and changes in the reservoir age.
GISP2 Time Scale
The calendar ages used to calculate the 14 C deviations are based on the Meese/ Sowers time scale for the GISP2 ice core. Down to 50 ka cal BP, this time scale derives purely from annual-layer counting (Meese et al. , 1997 , while, beyond 50 ka cal BP, trace gas concentrations are used to correlate the Vostok chronology of Sowers et al. (1993) into the GISP2 ice core (Bender et al. 1994) . The uncertainty on the time scale increases with depth and amounts to an estimated maximum ±2% up to 39,852 cal BP, maximum ±5-10% up to 44,583 cal BP and maximum ±10% up to 56,931 cal BP (Meese et al. 1997 ).
For the last 46 ka cal BP, i.e. the main part of our calibration curve, the validity of the GISP2 layer chronology is corroborated by the counted time scale of the nearby GRIP ice core ) and U/Th dates of coral terraces in Papua New Guinea (Chappell et al. 1996; Grootes and Stuiver 1997) . In the older section, the GISP2 chronology might be too young as indicated by the U/ Th age of the coral reef associated with Dansgaard-Oeschger interstadial 14, which is 1 ka older, and by other dates of the North Atlantic Ash Zone 2. The ignimbrite attributed to this ash zone was Ar/ Ar dated with 55 ± 2 ka (Sigurdsson personal communication 1998), while the tephra is dated even older at 58.38 ka cal BP in the GRIP layer chronology . However, since the different age determinations agree within the error bars, the GISP2 chronology is not wrong.
Bioturbation
As in any oxygenated sediment record, bioturbation works as a low-pass filter and thus hampers a precise reconstruction of the 14 C production over time by dampening the response. In marine cores, the mixed layer depth partly depends on the flux of organic carbon (C org ) to the sea floor (Trauth et al. 1997 and references therein). Based on the low C org -flux Trauth, Sarnthein and Arnold (1997) postulate bioturbation depths of around 2 cm for sediment cores in the northern Norwegian Sea. Using their approach and the C org accumulation rates of core PS2644 (average AR = 0.05 gC/ m 2 yr; Stein unpublished data), the average mixed layer depth would be even lower (<1 cm) in the western Iceland Sea.
At an average sedimentation rate of 20 cm/ka during isotope stage 3, bioturbation would thus hardly dampen the record of 14 C production. Accordingly, from the view point of bioturbation/ mixing alone the response time in the ocean and the atmosphere would nearly be the same (50-100 yr in core PS2644 and 80 yr in the atmosphere). On the other hand, in isotope stage 2 where the sedimentation rates are much lower (Voelker 1999) , a delay in the marine response of up to 250 yr might occur. : :
Variation of the Reservoir Effect
The temporal variation of the reservoir effect is hardly known for the northern North Atlanticexcept for the Younger Dryas when it increased from 400 to 800-1100 yr (Bard et al. 1994; Haflidason et al. 1995) . Based on atypical negative differences between benthic and planktonic 14 C ages from the same depth in core PS2644, Voelker et al. (1998) postulated fluctuating and increased reservoir ages for planktonic foraminifera in the western Iceland Sea during marine isotope stage 2. According to them, values for the planktonic reservoir age ranged between 630 and 1160 yr during Heinrich Event 1 (14.6-18.1 ka cal BP), rose up to 2240 yr during the last glacial maximum (LGM) and amounted to 950 yr around 25 ka cal BP. The large discrepancy between the benthic and planktonic reservoir age can be explained by the hydrographic conditions in the glacial Nordic Seas and the preferred living conditions of N. pachyderma (s) . N. pachyderma(s) builds a second calcite crust, which contributes about 50% to the shell weight (Arikawa 1983) , within or underneath the thermocline (Kohfeld et al. 1996; Simstich 1999) . Therefore, its reservoir age highly depends on the ventilation of the thermocline and upper intermediate water. As indicated by the relatively low planktonic δ 13 C DIC values (0.7-1.0‰), this water was poorly ventilated during glacial times when a meltwater lid and/or sea ice covering the western Iceland and Greenland Seas hindered the exchange with the atmosphere (Sarnthein et al. 1995; Voelker 1999 ). Furthermore, "fossil" CO 2 originating either from stranded icebergs melting near site PS2644 or directly from the melting Greenland ice sheet and shelves, might have biased the 14 C concentration in the (sub)surface water, similar to the modern situation underneath the Antarctic ice shelves (Domack et al. 1989 ). The deep water, on the other hand, was newly convected in the Norwegian Sea as evidenced by heavy benthic δ 18 O values (Duplessy et al. 1988; Dokken and Jansen 1999) and flowed-at least partly-across the Iceland Plateau and the Denmark Strait where it was recorded in epibenthic δ 18 O values of up to 5.55‰, benthic δ 13 C DIC values of 1.5-1.7‰ (Voelker 1999) and younger 14 C ages. Since we assume the benthic 14 C ages during marine isotope stage 2 to originate from a young water mass, their ∆ 14 C levels, higher than those of N. pachyderma(s) ( Table 1) , should be closer to the actual atmospheric level.
According to high resolution planktonic and benthic isotope curves (Rasmussen et al. 1996; Dokken and Jansen 1999; Voelker 1999 and unpublished data) hydrographic conditions similar to the LGM also occurred during marine isotope stage 3 in the Nordic Seas and might have led to large fluctuations in the reservoir effect e.g. during Heinrich Event 4 (Sarnthein et al., forthcoming) . So, because these variations in the reservoir effect cannot be quantified, our data set cannot be connected to the atmospheric values. Instead, it represents a calibration set for the local upper ocean reflecting the atmospheric changes, but modified by the local oceanography.
Variation of the Age Differences (Marine ∆ 14 C)
The differences between the Libby 14 C ages, not corrected for the reservoir effect, and the GISP2 calendar ages vary between -260 and 7530 years, equal to -170 to +1215‰ marine ∆ 14 C (Figure 3 ; Table 1 ). During the interval 43-53.3 ka cal BP most age differences would actually be negativelike the marine ∆ 14 C values-when the 3% offset between Libby-and physical 14 C-years is taken into account (Figure 3 ). However, starting around 46 ka cal BP (≈45 ka BP) the age differences increase steadily until 40.4 ka cal BP (≈33 ka BP) whereby the major rise from ≈2500 to >7200 yr (marine ∆ 14 C: 183-1215‰) is confined to the much shorter period from 41.5 to 40.4 ka cal BP. This rapid increase coincides with the Laschamp inclination swing and drop in geomagnetic intensity in core PS2644 (Figure 4 ; Voelker et al. 1998; Laj et al. 2000) and with the highest 10 Be (Yiou et al. 1997) and 36 Cl fluxes in the GRIP ice core (Figure 3 ; Baumgartner et al. 1998) . After the ∆ 14 C maximum at the end of the Laschamp excursion the age differences immediately drop to ≈5000 years (<704‰) during Dansgaard-Oeschger Event 9 and even lower during Heinrich Event 4 (H4; Figures  3, 4) . During H4, the marine ∆ 14 C values seem to be dampened by an increased reservoir age. This is inferred because as soon as the meltwater disappeared at the beginning of Dansgaard-Oeschger interstadial 8 (38 ka cal BP/ ≈32.6 ka BP) the age differences reached a second maximum of 5600 yr (755‰). This second peak coincides with the end of the weaker magnetic intensity minimum following the Laschamp Event thereby marking the end of the high 14 C production period between 42 and 38 ka cal BP (Figures 3, 4) .
After 38 ka cal BP the age differences decline to values around 3700 years (≈400‰) and even further after 35.3 ka cal BP down to around 3000 years (≈300‰) (Figure 3 ; Table 1 ). The slow but steady ∆ 14 C decrease is interrupted by a third brief maximum between 34.5 and 33.5 ka cal BP (≈29-30 ka BP), which is contemporary with the Mono Lake intensity minimum (Figure 4 ; Voelker et al. 1998; Laj et al. 2000) . During this interval, the age anomalies rose continuously until they reached 4470 years (550‰) at the end of the intensity minimum (Figures 3, 4) . As the Mono Lake excursion coincides with a meltwater event and the maximum age difference with the beginning of Dansgaard-Oeschger interstadial 6, it is comparable to the interval from 40 to 38.5 ka cal BP (≈H4). Accordingly, most marine ∆ 14 C values should be low due to an increased reservoir effect and thereby make us underestimate the true atmospheric ∆ 14 C levels. This assumption is corroborated by the 36 Cl flux data from the GRIP ice core (Wagner et al. 2000) and by a Bahamian speleothem 14 C record (Richards et al. submitted; Beck et al. submitted) , both of which show similar values for the Mono Lake and the Laschamp Event, higher than those obtained from core PS2644.
After the Mono Lake Event, the age differences decrease again to values between 3500 and 2500 yr (until 24 ka cal BP/21 ka BP). In the range between 15.7 and 21.6 ka cal BP (≈14-19 ka BP), where our age control is weaker because of subdued climatic signals in cores PS2644 and GISP2 and where the planktonic reservoir age greatly fluctuated, the data points show a large scatter (Figure 3 , Table 1 ).
Comparison with Other Records for Ages >20 ka cal BP
Our ∆ 14 C record, with two major increases between 30 and 55 ka cal BP, is similar to the high resolution 14 C-U/Th record from Bahamian speleothems (Richards et al. submitted; Beck et al. submitted) and a marine record from the Cariaco basin (Hughen et al. 1997) . For the range >20 ka cal BP a perfect match between the Bahamian record and the record from core PS2644 would be obtained by shifting the Iceland Sea data by +2000 yr (W Beck personal communication 2000) . Since the U/ Th dates (W Beck personal communication 2000; J Chappell personal communication 2000) as well as the GISP2 chronology appear reliable further work on the time scales is needed to resolve this age dispensary. This is especially important because the true calendar age also determines ∆ 14 C. Disparity in ∆ 14 C exists during the Mono Lake Event when the Bahamian record shows ∆ 14 C values as high as during the Laschamp interval, just like the 36 Cl flux in the GRIP ice core (Wagner et al. 2000) , which indicates the subdued character of the marine ∆ 14 C record. The comparison with the atmospheric record from Lake Suigetsu van der Plicht 1998a, 1998b ) reveals major discrepancies with the Lake Suigetsu record often being younger, with consequently smaller ∆ 14 C deviations, and, especially, lacking the rapid increase associated with the Laschamp Event. The inconsistency is probably due to an imprecise varve chronology in Lake Suigetsu for the oldest part of the record, as stated by Kitagawa and van der Plicht (1998a) .
The calibration data presented here also generally agree with single calibration points of Bard et al. (1998), Geyh and Schlüchter (1998) , Schramm et al. (2000) , Vogel (1983) and Vogel and Kronfeld (1997 ) (compilations in Voelker 1999 and Schramm et al. 2000 . For the Laschamp Event, however, four calibration points from Bischoff et al. (1994) , Geyh and Schlüchter (1998), and Schrammet al. (2000) place the ∆ 14 C rise up to 2000 years earlier than our data. Thereby the declination change associated with the Laschamp Event in the Lake Lisan record is dated to 42.2 U/Th years (Marco et al. 1998 with revised ages from Schramm et al. 2000) . Further discrepancies with single calibration data occur between 34.5-35 ka cal BP where Geyh and Schlüchter (1998) and Vogel (1983) observe higher deviations (more in agreement with the Bahamian record).
Geomagnetic Control of the 14 C Production 25-50 ka BP
Since pCO 2 records from Antarctic ice cores reveal variations of only 10-20 ppmv during isotope stages 2 and 3 (Neftel et al. 1988; Indermühle et al. 2000) , changes in the global carbon cycle most likely played only a minor role in modulating the ∆ 14 C record. Major changes in North Atlantic deep water formation and the strength of the THC may have produced transient spikes in ∆ 14 C (Goslar et al. 1995; Wright 1996, 1998; Hughen et al. 1998 ) Also, the offset between conventional and physical 14 C ages diminishes the maximal age differences by only 950-1160 yr (Figures 3, 4) so that the major portion of the age anomalies must be attributed to an enhanced and varying 14 C pro-duction. Increased production, further corroborated by high fluxes of the cosmogenic isotopes 36 Cl and 10 Be (Voelker et al. 1998) , was caused by a low geomagnetic field strength which, based on absolute intensity data, was four to ten times lower during the Laschamp Event (4-14 µT; Roperch et al. 1988; Chauvin et al. 1989; Levi et al. 1990) than at "present" (49.2 ± 12.7 µT for 1943-1952 AD; Gonzalez et al. 1997 ) and about half as low during the Mono Lake Event (19-24 µT; Gonzalez et al. 1997; Valet et al. 1998) . For the interval 27-54 ka cal BP, the similarity between our ∆ 14 C record and the multi core relative intensity record of NAPIS-75 ; Figure 3) , the shape of which is confirmed by other high-resolution geomagnetic records from the North Atlantic (Stoner et al. 1995 , Channell et al. 1997 Channell 1999) , South Atlantic , and North Pacific (Roberts et al. 1997) , provides strong evidence for the predominant geomagnetic modulation of the ∆ 14 C record. While the 14 C production peaks during the geomagnetic intensity minima resulted in apparently too young 14 C ages, the production during the intensity maximum around 47 ka cal BP was probably the lowest during the last 53 ka cal BP and resulted in apparently too old 14 C ages.
CONCLUSION
The detailed correlation of sediment core PS2644 with the annual-layer chronology of the GISP2 ice core provides us with 70 marine calibration points for the interval 24 to 53.3 ka cal BP. Because at site PS2644 the reservoir age was unknown and probably varied over time, Libby 14 C ages were used for a local marine calibration. The age anomalies probably represent minimum values for the atmospheric ∆ 14 C changes. This is especially true for the intervals from 33.5 to 34.5 ka cal BP and from 38.5 to 40 ka cal BP when meltwater events caused an increased (planktonic) reservoir age and resulted in smaller age anomalies at site PS2644. When a high resolution atmospheric record becomes available in the future, the changes in the reservoir age of the northern North Atlantic can easily be reconstructed by subtracting the marine from the atmospheric record. The three ∆ 14 C maxima concur with minima in the geomagnetic intensity which indicates the cause of the enhanced 14 C production. This is further corroborated by increased flux rates of cosmogenic isotopes in ice cores from the Arctic and Antarctic (Voelker et al. 1998 and references therein; Wagner et al. 2000) .
Though our data represent only marine ∆ 14 C levels, they are in general agreement with most other calibration data, especially the rapid ∆ 14 C increase between 44 and 40 ka cal BP and the second ∆ 14 C maximum around 34 ka cal BP. For ages >32 ka cal BP, however, they highly diverge from the Lake Suigetsu record of Kitagawa and van der Plicht (1998) , hinting to possible problems in the varve chronology for this time range. The high ∆ 14 C variability during the interval 24-54 ka cal BP revealed by our and most other data clearly shows that a true calibration of 14 C ages >20 ka BP cannot be done by interpolating between a few coral calibration points . The combined calibration data, however, provide a better base for calibrating 14 C ages >20 ka BP. A new high resolution record based on terrestrial organic carbon dates and a sound calendar age scale are nevertheless necessary to provide true atmospheric ∆ 14 C levels and to allow estimations of changes in the reservoir age in various parts of the world ocean.
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